Introduction
In recent years, it has been necessary to replace paints using organic solvents with water-soluble paints or thermoplastic resins such as polyester resin and polyolefin resin from the viewpoints of preserving the global environment and improving the working environment for painting work. To date, cans made from polyester film laminated steel sheets have been commercialized, mainly for beverage cans. 1, 2) When biaxially oriented polyester films are applied to laminated steel sheets, the degree of orientation of the polyester film after lamination has a large effect on properties such as film adhesion and corrosion resistance. Therefore, films of this type are designed according to the application, considering the orientation degree of the film and the resin composition, such as the copolymerization ratio. 3) In this lamination method, polyester films are laminated on the both sides of heated steel sheets so that only the resin layer of the adhesion surface on the steel sheet side melts and the resin layer of the surface layer retains its orientation structure.
Can weight reduction 4) has also been promoted from the viewpoint of resource saving, and deep-drawing and ironing processing has been applied to laminated steel sheets. Therefore, non-oriented PET (NO-PET) films have been investigated for application to high reduction DI (Drawn and Polyester films have been used widely as laminate films of beverage and food cans due to their excellent properties of formability, corrosion resistance, and adhesion to steel sheets. Recently, excellent formability under a higher processing degree has been required in laminated steel sheets for drawn and ironing (DI) cans, which are used as beverage and food cans. Polyester films which are almost amorphous are used in this application since high formability is needed in the laminate film. In this study, we investigated the thermal crystallization behaviors of a near-amorphous oriented polyester film and a non-oriented film by thermal analysis and Raman spectroscopy. We found that the two types of films display different thermal crystallization behaviors.
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Ironing) cans due to their excellent formability.
5)
In applications requiring high formability, film cracking may occur due to the lack of formability of the biaxially oriented polyester film. It was reported that non-oriented polyester films with low crystallinity and excellent formability were favorable. 4) Furthermore, when the above-mentioned laminated steel sheets are used as can materials, heat treatment is often conducted to remove the residual strain of the film layer after can forming or for drying after printing, and the physical properties of the film change due to thermal crystallization. 6 ) Therefore, it is important to understand the thermal crystallization behavior of the films. The crystallinity degree of biaxially oriented polyester films can be reduced to the same level as that of non-oriented polyester films by high temperature laminating to improve formability. In this case, the amorphous state of the biaxially oriented polyester film shows no X-ray diffraction peak (hereinafter, such films are referred to as amorphized oriented polyester films).
This study was conducted to investigate the differences in the thermal crystallization behavior of amorphized oriented polyester and non-oriented polyester films by using thermal analysis and Raman spectroscopy.
Experimental

Materials
The steel sheets used in this experiment were chromeplated steel sheets (ECCS: Electrolytically Chromium Coated Steel) coated with 120 mg/m 2 of metallic chromium and 15 mg/m 2 of hydrated chromium oxide on both sides. The substrate sheets were 0.21 mm thick sheets of lowcarbon Al-killed continuous cast steel with a temper degree of T-3CA.
The laminate films were a biaxially stretched polyester film (thickness 25 μm, melting point 228°C, isophthalic acid copolymerized PET) and a non-oriented polyester film (thickness 23 μm, melting point 228°C, isophthalic acid copolymerized PET) produced by extrusion film forming without stretch molding.
These two kinds of films were thermally laminated on both surfaces of chromium plated steel sheets which was heated to near the melting point of the films.
In heat treatment of the laminated steel sheets, a hot air drying furnace was used to heat the laminated steel sheets to an attained temperature of 220°C for 5 min. Table 1 shows the film type and heat treatment conditions of the laminated steel sheets used in this experiment.
Evaluation of Crystalline State of Laminated Films
by X-ray Diffraction Measurement In order to investigate the crystalline state of the amorphized oriented polyester film and the non-oriented polyester film, X-ray diffraction measurement of the polyester films of the laminated steel sheets was carried out using an X-ray diffractometer (RINT 2000 manufactured by Rigaku Corporation).
In the X-ray diffraction measurement, the scanning angle was from 2θ = 10° to 2θ = 35°, and the scanning speed was 4°/min using the wavelength of CuKα. Figure 1 shows the results of the X-ray diffraction measurement.
Thermal Analysis of Film by Temperature-
modulated Differential Scanning Calorimeter Thermal analyses of the polyester films was carried out with a temperature-modulated differential scanning calorimeter (TA Instruments Inc., Q-100, hereinafter referred to as "temperature-modulated DSC"). These analyses were performed by a method (temperature modulation method [7] [8] [9] ) in which temperature oscillation (AC component) of the sine wave was added to a constant temperature rise, as shown in Fig. 2 . The thermal behavior of the film after heat treatment was investigated from the change in the heat quantity of "reversing heat flow" relating to the glass transition and the change in the heat quantity of "non reversing heat flow" relating to crystallization. Table 2 shows the measurement conditions of the temperature-modulated DSC.
In the temperature-modulated DSC, the specific heat difference before and after the glass transition point can be accurately measured from the reversing heat flow rate and the non-reversing heat flow rate. Therefore, a mobile amorphous amount indicating the glass transition point can be obtained, and if the crystalline amount is known, the rigid amorphous amount can be calculated as the remaining amorphous component. The structure of polyester films can then be understood in greater detail.
The mobile amorphous amount was obtained from the specific heat difference before and after the glass transition point by Eq. (1). The rigid amorphous amount was obtained from Eq. (2).
9)
Here, the crystallinity (degree of crystallinity) of the film was determined by measuring the density (d) of the film with a density gradient tube and then calculating by Eq. (3), setting the density (da) of amorphous phase to 1.335 g/cm 3 and the density (dc) of the crystalline phase to 1.501 g/cm 3 . Xmaf: % amount of mobile amorphous phase Xraf: % amount of rigid amorphous phase Xcrf: % amount of crystallinity ΔCp (Sample): specific heat difference of the polyester film sample before and after the glass transition point ΔCp(100% amorphous (0.4052 J/(g°C)): specific heat difference of 100% amorphous polyester film before and after the glass transition point
Xmaf
Analysis of Crystallinity in Film Thickness Direction of Laminated Steel Sheets by Confocal Raman Spectroscopy
The changes in crystallinity in the film thickness direction of the laminated steel sheets were investigated by using a confocal microscopic laser Raman spectroscopic analyzer (Thermo Fisher Scientific, Almega XR). In the Raman spectrum of the polyester film, the crystallinity of the polyester film increases as the half-bandwidth of the carbonyl group (C = O) appearing at about 1 730 cm − 1 decreases. Therefore, it is possible to evaluate the crystallinity of a polyester film by measuring the half-bandwidth of the carbonyl group.
10) The measurement conditions are shown in Table 3 . Figure 3 shows a reversing heat flow before and after heat treatment in the temperature-modulation DSC measurement. The central portion where the reversing heat flow changes stepwise is the glass transition point (Tg) of the polyester film. Before the heat treatment, the amorphized oriented film and the non-oriented film show similar glass transition points and specific heat differences. However, after the heat treatment, the specific heat difference of the amorphized oriented film becomes small and the glass transition point shifts to the high temperature side. Figure 4 shows the measurement results of the mobile amorphous amount, the rigid amorphous amount and the crystalline amount of the amorphized oriented polyester film and the non-oriented polyester film before and after the heat treatment. Before the heat treatment, both the amorphized oriented polyester film and the non-oriented film showed almost the same mobile amorphous amounts. However, after the heat treatment, the mobile amorphous amount of the amorphized oriented polyester film decreased greatly, whereas the crystalline amount of the amorphized oriented polyester film increased greatly. Although the mobile amorphous amount of the non-oriented polyester film also decreased, the decrease in the mobile amorphous amount after heat treatment was smaller than that of the amorphized oriented polyester film, and the rigid amorphous amount increased. Accordingly, the increase in the crystalline amount was about 2%. The rigid amorphous amount of the non-oriented polyester film increased in comparison with that of amorphized oriented polyester film after the heat treatment.
Experimental Results and Discussion
Results of Thermal Analysis of Film by Temperaturemodulated DSC
Next, Fig. 5 shows the change of the crystallization peak before and after the heat treatment based on the results of the non-reversing heat flow measured by the temperaturemodulated DSC. Before the heat treatment, the crystallization temperature of the amorphized oriented polyester film was lower, and two peaks were observed. On the other hand, the non-oriented polyester film had a higher crystallization temperature and showed one crystallization peak. Furthermore, the crystallization peak of the amorphized oriented polyester film decreased greatly after the heat treatment. Although the crystallization peak of the non-oriented polyester film decreased slightly, no significant change as large as that of the amorphized oriented polyester film was observed. Since two crystallization peaks were observed in the amorphized oriented polyester film, this film is presumed to consist of at least two different structures. Since the crystallization peak on the low temperature side of the amorphized oriented polyester film was decreased by the heat treatment, it is presumed that crystallization proceeded in a portion having a structure containing many crystal nuclei. Due to the difference in the crystalline amount before heat treatment, the amorphized oriented polyester film had a structure in which crystal nuclei were present, whereas the non-oriented polyester film had a structure in which crystallization hardly progressed because there were few crystals that could function as crystal nuclei.
Evaluation of Crystalline Amount in Film Thickness Direction by Confocal Microscopic Laser
Raman Spectroscopy In order to investigate the crystalline amount in the film thickness direction of the laminated steel sheets before and after heat treatment, non-destructive measurement was carried out by confocal Raman spectroscopy. The half-band widths of the C = O peak (ca. 1 730 cm − 1 ) of the amorphized oriented polyester film and the non-oriented polyester film in the film thickness direction before and after the heat treatment are shown in Figs. 6 and 7 , respectively. Before the heat treatment, both the amorphized oriented polyester film and the non-oriented polyester film had large halfband widths of the C = O peak and their crystalline amounts were small. After the heat treatment, the half-band width of the C = O peak of the amorphized oriented polyester film decreased from the film surface layer side (region to a depth of about 15 μm from the surface), and the crystalline amount increased.
In the non-oriented polyester film, the half-band width of the C = O peak was small in a region of about 3 μm on the film surface layer side, and the half-band width of the C = O peak in the lower portion remained almost unchanged. This indicates that crystallization progresses partially on the film surface layer side, but the film mostly retains the amorphous structure. Figure 8 shows a schematic diagram of the change in the layer structure in the film thickness direction before and after the heat treatment.
According to the above results, the change in the crystalline structure of the film layer structure investigated by confocal Raman spectroscopy revealed the difference in the layer structure change after heat treatment of the amorphized oriented polyester film and the non-oriented polyester film. The difference in the crystallization behavior shows that fine crystals which are not completely melted by heat during lamination remain in the surface layer of the amorphized oriented polyester film. In this film, it is presumed that the fine crystals become crystal nuclei and promote crystallization by heat treatment. On the other hand, in the non-oriented polyester film, it is considered that thermal crystallization is suppressed due to the small amount of fine crystals which become crystal nuclei.
Conclusion
In this study, the difference in crystallization behavior during heat treatment was investigated in an amorphized oriented film, which was in a substantially amorphous state, and a laminated steel sheet to which a non-oriented polyester film was applied.
A summary of the results of the thermal analysis and confocal Raman analysis used in this research is presented below.
(1) In the amorphized oriented polyester film, the mobile amorphous amount decreased as a result of heat treatment, while the crystalline amount increased. In the non-oriented polyester film, the mobile amorphous amount was reduced by heat treatment and the amount of rigid amorphous increased. However, the increase in the crystalline amount of the non-oriented polyester film was smaller than that of the amorphized oriented polyester film. This was presumably because the non-oriented polyester film contained fewer fine crystals which became crystal nuclei than the amorphized oriented polyester film.
(2) Although the amorphized oriented polyester film showed a low crystallization temperature and two crystallization peaks, the non-oriented polyester film showed a high crystallization temperature and only one peak. This indicated that the amorphized oriented polyester film had a structure that promoted crystallization, whereas the non-oriented polyester film had a structure that was not conducive to crystallization. It was also suggested that the amorphized oriented polyester film consisted of two different structures.
(3) From the result of confocal Raman spectroscopy, the amorphized oriented polyester film was crystallized on the film surface layer side (to a depth of about 15 μm) after the heat treatment. The non-oriented polyester film was slightly crystallized on the surface layer side (to about 3 μm), but most of the lower layer remained amorphous.
As described above, in the non-oriented polyester film, the portion with a low crystallization temperature corresponded to the structure on the surface layer side (about 15 μm from the surface) of the film, and the portion with a high crystallization temperature corresponded to the structure on the steel sheet side of the film.
